Abstract. A previous electric current sensing scheme employing two metal-coated single-mode optical fibers is modified for the purpose of much wider band measurement. As the same optical setup is used, the proposed sensing scheme incorporates the use of a differentiator that differentiates the measurand before it splits into two parts and flows on the two metallic coatings, respectively. Two kinds of optical fibers (which have different cladding sizes) are tested. With regular polarizationmaintaining fibers (which have a 125 m cladding diameter), a measurement bandwidth of ϳ500 Hz can be obtained. With thinner fibers (with 80 m claddings), the measurement bandwidth can reach ϳ1.1 kHz. The measurement scheme proposed compares much more favorably to the previously reported sensing scheme, in which the measurement bandwidth is only 0.06 Hz.
Introduction
Utilization of the sensitive nature of single-mode optical fibers in an optical interferometric detection scheme for electric current measurement was first proposed one and a half decades ago. 1 The methods used in this early study are ͑1͒ use of a magnetostrictive material bonded on a fiber to constrict or lengthen the fiber, and thus to modify the optical phase as electric current flows to generate a magnetic field, and ͑2͒ use of the heat generated on the metal coated on a fiber to change the refractive index and accordingly the optical phase as the current to be measured flows on the metal. Since the thermal sensitivity of single-mode fibers is very high 2 ͑it can reach 107 rad/°C/m͒, the second method just described is a good one for electric current measurement. However, if only one fiber arm of the interferometer includes the metallic coating, the electric current sensing is nonlinear and provides poor sensitivity for weak current measurement because the temperature variation within the fiber excited by the surface heat is proportional to the square of the current flowing through the metallic surface coating.
In a recent study conducted by Shyu and Wang, 3 a method of using two gold coatings on both arms of an interferometric detection scheme is proposed to overcome the aforementioned drawback. In this method, the measurand ͑i.e., the electric current to be measured͒ is split equally into two parts that flow on the two gold coatings, respectively. By introducing a large bias current ͑which is stable enough͒ on each gold coating, the scale of thermally induced phase variation detected by the interferometric detection scheme is amplified, resulting in a sensitive electric current measurement. This method is by no means good enough, however, in enhancing the measurement sensitivity in the high-frequency regime. As the analysis showed, in the high-frequency regime the detected phase is reduced by nearly a factor proportional to the inverse of the frequency of the measurand. ͑Note that the bandwidth was nearly 0.06 Hz.͒ To obtain a wider band electric current measurement, i.e., to make the electric current sensor a more practical one, the sensing scheme of using two metal-coated fibers must be modified.
The purpose of this paper is to demonstrate the feasibility of developing a wider band electric current measuring scheme. In this scheme, with two gold-coated fibers in an interferometer, a differentiator is used to differentiate the measurand before it splits and flows into the two gold coatings. Since the output of the differentiator increases linearly with the frequency of the measurand, it is expected that the sensitivity degradation occurring in the high-frequency regime can be compensated for. It can be found from the experimental results presented later that not only is the measurement sensitivity enhanced but also the measurement bandwidth can be enlarged. The rest of this paper is organized as follows. In Section 2, the method of electric current measurement using the previous two gold-coated fibers 3 is first briefly reviewed, and then the theory of the proposed measuring scheme still using two gold-coated fibers is presented. Experimental results are then presented in Section 3. A comparison between the results obtained by using the wideband method and those obtained by using the previous method is also shown. Section 4 concludes this paper.
Theory
In this section, we describe the principle of the proposed electric current measurement method using two metalcoated optical fibers in a Mach-Zehnder interferometric detection scheme. To make the discussion complete, the ther-mal characteristics of metal-coated single-mode fibers are first reviewed and then the basis of the proposed sensing scheme is outlined.
Thermally Induced Phase Variation in Optical Fibers
The phase shift ⌽ of a lightwave propagating along a single-mode optical fiber with length L can be expressed as
where is the wavelength of the light, and n is the refractive index of the fiber core. When the optical fiber is subject to a temperature variation, the optical phase would be modified due to various contributions of thermal effect. The phase shift with respect to a temperature change ⌬T can be represented by
where ⑀ z is the axial strain in the core and represents the fiber core density. The first term on the right-hand side of Eq. ͑2͒ is caused by the length change of the fiber, the second term represents a thermally induced change in the refractive index, and the last term is related to the photoelastic effect and can be expressed in terms of the strains and the elastooptic or Pockels coefficients. 2 The temperature sensitivity ⌬⌽/(⌽⌬T) can then be expressed as 5, 6 ⌬⌽ ⌽⌬T
͑3͒
where p 11 and p 12 are the Pockels coefficients of the fiber core, and ⑀ r is the radial strain of the fiber core. Now consider a case in which a thin-film metal is coated on the surface of an optical fiber and there is an electric current flowing through the surface coating. The temperature within the fiber changes in accordance with the heat generated by the electric current, resulting in a phase change of the lightwave.
In ac electric current measurement, the measured, denoted by I n ϭI n0 cos s t ͑where I n0 and s are, respectively, the peak amplitude and the frequency of the measured͒ is split equally into two parts and flows through the two metallic coatings. A bias current I b is also managed, such that the two currents I b ϩ(I n0 /2)cos s t and I b Ϫ(I n0 /2)cos s t flow through the two metal-coated fibers, respectively ͑cf. Fig. 1͒ . The temperature variation ⌰ i (i ϭ1,2) caused by the heat generated on each fiber can then be found by solving a simplified heat equation ͓cf. Eq. ͑11͒ of Ref. 3͔. The phase change ⌬⌽ i (iϭ1,2) in each fiber can thus be found as ␤⌰ i , where ␤ is a constant characterizing the temperature-to-phase sensitivity. Then, the detected phase variation ⌬⌽ 12 (t) at the output of a photodetector can be found as
Here is a time constant and is equal to cV/hA; R and Rϩ⌬R are the resistances of the two metallic coatings, respectively; and is defined as tan
Ϫ1
(1/ s ). The first term on the right-hand side of Eq. ͑4͒ represents the signal part, the amplitude of which can be determined by phase sensitive detection. The sensor output ͑cf. Fig. 1͒ through phase sensitive detection thus contains a signal that is proportional to the amplitude of the measurand I n0 .
Principle of the Proposed Sensing Scheme
From the theory shown previously, one can see that using two metal-coated fibers, the sensor provides a linear measurement and is also much more sensitive for the case of I n0 ӶI b in comparison with a sensor with only one metalcoated fiber. 3 However, Eq. ͑4͒ indicates that the amplitude of the detected phase is reduced by nearly a factor proportional to the inverse of the frequency of the current ͑result-ing in a measurement bandwidth of nearly 0.06 Hz͒. To obtain a wider-band electric current measurement, the measurement sensitivity in the higher frequency range must be enhanced. Here, we use a differentiator to differentiate the measurand before it splits and flows into the two metallic coatings ͓cf. Fig. 2͑b͒ , where the measurand is provided by a voltage source͔. Consequently, the detected phase of concerns becomes
The expression in Eq. ͑5͒ was obtained simply by replacing I n0 in Eq. ͑4͒ with s I n0 , because the current flowing toward the metallic coatings is s I n0 cos s t. Since is about 3 0.4 s, one can rewrite the detected phase ⌬⌽ s12 (t) for a frequency s Ͼ2•0.4 rad/s as
Therefore, one may expect that for f s Ͼ0.4 Hz the amplitude of the detected phase does not change with the signal frequency. After phase sensitive detection, the sensor output contains a signal that depends on I n0 and is no longer I n , current to be measured; and I n ϭI n0 cos s t.
dependent on the frequency of the measurand. A linear and much wider band electric current measurement is thus obtained. Figure 2͑a͒ shows the experimental setup for the proposed wideband electric current measurement. A stabilized linearly polarized single-mode He-Ne laser is used as light source. The laser beam is split into two, each passing along one polarization-maintaining ͑PM͒ fiber. The two beams then merge at the outputs of the fibers, and are detected by a photodetector. Two polarizers at the input ends of the two fibers are used to ensure the incident light is launched at each fiber's principal axis. One polarizer is used at the output ends and its transmission axis is adjusted to ensure two beams incident on the photodetector have an equal power ͑this is not necessary, however͒. In the first set of experiments, we used two PM fibers both with a 125 m cladding diameter. A section of 3 cm in each fiber ͑the plastic coating of each section being stripped͒ is coated with gold such that the two gold coatings have resistances of 34.6 and 34.7 ⍀, respectively. The two currents flowing on the gold coatings are I b ϩI n /2 and I b ϪI n /2, respectively, where I n is a derivative version of the current to be measured and I b is bias current (I b ӷI n ). The bias current is provided from a precision power supply, which gives I b ϭ50 mA. Current I n is split equally into the two gold coatings via the circuit shown in Fig. 2͑b͒ . A differentiator is used at the input of the operational amplifier. In our study, the current to be measured is provided by a voltage source with the voltage V i ϭV in sin s t at the input end of the differentiator and is equal to (V in /R i ) sin s t. ͑The amplitude of the measurand can thus be considered as V in /R i .͒ The current at the output end of the differentiator then corresponds to a current of I n ϭ( s V in /R i ) cos s t, which is to flow on the gold coatings. Here R i is the resistance at the input end of the operational amplifier. Note that the peak amplitude of the measurand ͑which is equal to V in /R i ͒ is adjusted by changing the value of V in in our study. It can be understood that the proposed measurement scheme is also a voltage sensor for measuring V i . In practice, the differentiator gain and the resistance R i can be adjusted to give necessary measurement sensitivies. However, in the experiments reported here, the two parameters are fixed.
Experiments and Results

Experimental Setup
To stabilize the fiber sensor to the quadrature point, the photodetector output is electronically processed and then feeds back to a piezoelectric cylinder on which a part of one PM fiber is wound. A dither signal at frequency 0 (ϭ2 f 0 ) is applied to the cylinder to provide a carrier for phase tracking. The carrier for the phase tracking loop is 2 0 , and this enables us to pick up the required signal proportional to the amplitude of the measurand at frequency s (ϭ2 f s ). Note that the photodetector output contains the signal v T ϭB sin (␤ 0 sin 0 tϩ␤ s sin s tϩ e ). Here B is a constant related to the optical power input to the photodetector, and is also dependent on the detector responsivity and gain; ␤ 0 and ␤ s correspond to the amplitudes of the phases induced by the dither signal and the measurand ͓cf. Eq. ͑6͔͒, respectively; and e represents a phase error term defined as the difference between the phase noise to be compensated for and the controlled phase generated through a feedback signal. Among the numerous frequency components in v T , there are two components worth noting: the component at the frequency 2 0 and that at s . The signal v T is locked in at 2 0 to give a feedback signal that is proportional to e ͑which is small enough for sin e ϭ e ͒, while at the signal detection port a signal proportional to ␤ s ͓ХJ 1 (␤ s )͔ can be generated through a lock-in operation at ϭ s . All of this can be seen by expanding the signal v T into harmonic terms with Bessel functions as amplitudes. The dither frequency f 0 used in this study is 7 kHz, and the signal frequency f s varies in the range of 100 Hz to 2 kHz. To alleviate the effect of temperature variation on the detection performance, a bistable circuit ͑i.e., circuit A in the feedback loop͒ is used. Figure  2͑c͒ shows the input-output relationship of such a circuit. As the output of the integrator exceeds a certain level, a constant voltage is generated at the output end of circuit A until the integrator output quickly becomes null. Such a circuit helps to stabilize the sensor output because it keeps the integrator from saturation caused by increasing or decreasing temperature.
Experimental Results
The photodetector output contains a number of frequency components in each experiment with a fixed f s . Figure 3͑a͒ shows the detected waveforms at the photodetector output for f s ϭ100 Hz. The peak amplitude of the input voltage V in for the case is equal to 0.5 V ͑which corresponds to a measurand of 0.5 mA͒. Both fundamental frequencies at f s and at f 0 can be clearly seen. To see the signal at the fundamental frequency f s for the sake of illustration, we used a bandpass filter at the photodetector output end. Figure 3͑b͒ shows the filtered version of the photodetector output. Figure 4 shows the sensor outputs as a function of the signal frequency f s for various values of input voltage V in ͑ϭ0.02, 0.1, and 0.5 V͒. For V in ϭ0.02, 0.1, and 0.5 V, peak amplitudes of 0.02, 0.1, and 0.5 mA, respectively, correspond to the measurands ͑i.e., the electric currents to be measured͒. Note here that R i is set as 1 k⍀ and the differentiator gain is set to be unity for f s ϭ100 Hz in our study. For each case of input voltage, the frequency response of the sensor exhibits a bandlimited performance with a 3-dB bandwidth of ϳ500 Hz. To illustrate the linearity of the wideband current measurement, we show in Fig. 5 the sensor output as a function of the input voltage V in ͑or the amplitude of the measurand͒ for various signal frequencies ͑f s ϭ200, 400, and 600 Hz͒.
To see the difference between the proposed sensor ͑with a differentiator͒ and the conventional sensor ͑without a differentiator͒, we introduce a comparison shown in Fig. 6 , where sensor outputs as a function of the signal frequency f s are shown for both types of sensors. Here, the input voltage V in for the proposed sensor is 0.5 V for all frequencies from 100 Hz to 2 kHz ͑which corresponds to a measurand of 0.5 mA with its frequency changing from 100 Hz to 2 kHz͒, and the input current for the sensor with no differentiator is 0.5 mA for all frequencies concerned. Since the differentiator gain is set as unity at f s ϭ100 Hz, the two sensors have an identical sensor output at f s ϭ100 Hz. It can be quite clearly seen that the sensor with no differentiator shows a poor frequency response in contrast to the characteristics of the sensor using a differentiator. The proposed sensor here is thus more practical in measuring a signal ͑within the band up to ϳ500 Hz͒.
In the second set of experiments, we used a set of thinner PM fibers ͑i.e., those with 80 m in cladding diameter͒. The resistances of the gold coatings on the thinner fibers are 23.5 and 23.6 ⍀, respectively. The amplitude of the bias current is changed to 76 mA. Figure 7 shows the bandlimited performance of the sensor for a measurand of 0.5 mA. Using thinner fibers, the measurement bandwidth can reach ϳ1.1 kHz. Figure 8 shows the sensor output as a function of the amplitude of the measurand ͑in milliamperes͒ for f s ϭ100 and 1000 Hz. To show the sensor stability, the time variations of both the sensor output and the voltage corresponding to the phase error are shown in Fig. 9 for the case of I n0 ϭ0.5 mA, f s ϭ100 Hz and I b ϭ76 mA. This measurement shows that the peak fluctuation in the sensor output is within Ϯ2%. In estimating the minimum measurable current, we have shut down I n ͑such that I n ϭ0͒ and observed the sensor output ͑i.e., R output of the lock-in amplifier͒. In most cases of I n0 ϭ0.5 mA, the ratio of the mean R output ͑i.e., about 5 mV͒ to that for I n ϭ0 ͑i.e., less than 10 A͒ is over 500, indicating a minimum measurable current of less than 1 A.
Discussion and Conclusions
We have developed a fiber optic sensing scheme that can be applied to electric current or voltage measurement in practical use. The proposed interferometric detection scheme using two metal-coated fibers not only provides a linear measurement but also enhances measurement sensitivity in the high-frequency regime ͑resulting in a wideband sensing characteristics͒. The experimental results presented previously show the possibility of obtaining a measurement bandwidth of about 500 Hz ͑in contrast to the 3-dB measurement bandwidth by the previous sensing scheme, 0.06 Hz͒ when PM fibers of regular size are used. The key to this wider band measurement is the use of a differentiator at the input end of the sensor. Although the sensing scheme is expected to be feasible for a wideband measurement, there is still a problem to be overcome when applying this technique directly. From the theoretical analysis in the previous section, difficulty may arise in measuring extremely low frequency current components owing to the sensitivity degradation occurring in the extremely low frequency regime. For example, the factor s /͓ s 2 ϩ(1/) 2 ͔ ͓which is related to the detected phase; see Eq. ͑5͔͒ infers a 3-dB reduction in sensitivity for f s р0.4 Hz ͓note that ϭϳ0.4 s ͑Ref. 3͔͒. This does not imply a dead end for extremely low fre- quency measurement, however, because those measurands falling in the low-frequency band (Ͻ0.4 Hz) can be shifted to a higher band before being measured.
We have also tested a set of coated PM fibers with a smaller cladding diameter ͑i.e., 80 m͒. A measurement bandwidth of 1.1 kHz can be obtained using this set of fibers. The physics behind the size dependence of the measurement bandwidth can be stated as follows. As a matter of fact, high-frequency thermal waves are rapidly damped out in comparison with low-frequency components of thermal waves in a material. It is difficult to draw any simple and explicit equations or expressions for the effect of thermal damping encountered here. Such a phenomenon can be comprehended, however, from a simplified analysis of heat transfer problem given in Ref. 7 . When heat is generated on the surface of a fiber by a high-frequency electric current, the temperature deep inside the fiber is much lower than that near the surface, resulting in a reduced temperature-tophase sensitivity. As a result, the measurement bandwidth can be expected to be higher by using a fiber with a smaller cladding diameter.
Because the output of a differentiator is proportional to the frequency of its input signal and the magnitude of the current to the gold coatings should be small compared with the bias current, the differentiator here was designed to have a gain smaller than unity. This leads to concomitant deterioration of the sensor detectability at low frequencies compared to the case where the predifferentiation technique is not used. Our design here gave a gain of 0.0016 ͑so that the output and the input of the differentiator are equal at 100 Hz͒, resulting in detectability deterioration of ϳ30 dB at a low frequency, say at 0.16 Hz. From Fig. 8 of Ref. 3 , we can see that a phase of about 1.2 deg may be detected in the case of I n0 ϭ0.5 mA, I b ϭ50 mA and f s ϭ100 Hz. One can then expect that the detectable phase becomes 0.0014 deg as the coating resistance, I n0 and I b becomes 23.5 ⍀, 1 A and 76 mA, respectively. Therefore, at f s ϭ100 Hz, the 1 A detectability corresponds to a phase sensitivity of 2.4ϫ10 Ϫ5 rad. Note that use of a single coated element with both I b and I n being applied to the single element is also possible for enhancement of measurement sensitivity, however, with the result that a second harmonic component ͑at 2 S ͒ is generated. The use of two coated elements efficiently eliminates the second harmonic component provided that ⌬RԼ0. Nevertheless, the requirement of ⌬RԼ0 is not as strict for the phase sensitive detection since only the fundamental component is concerned. Note that the measurement sensitivity is dependent on the resistance of the coating ͓cf. Eq. ͑6͔͒ but is limited by the voltage drop across the coating. In other words, R should be as large as possible but I b R in Eq. ͑6͒ cannot exceed the maximum level that an operational amplifier can stand. Commercial metal-clad optical fibers might be used in the proposed sensor. However, one should prefer to use a short section of sensing fiber that has a thin enough metal coating or a long section of sensing fiber with thick metal coating to maintain measurement sensitivity.
